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Fluid-contactor 

The present invention relates generally to a fluid-contactor, and in particular to 
a fluid-contactor arranged to rotate about a predetermined axis. Embodiments of the 
invention are particularly suitable for, but not limited to, performing distillation and 
gas-liquid absorption on small scales. 

Fluid-contactors are devices in which a fluid contact can be controUably 
performed. Fluid contact in this context includes separation processes, biological and 
chemical reactions, the mixing of substances including the dissolving of a substance 
in a liquid, and the forming of a suspension of a substance in a liquid. 

Micro-chaimel fluid-contactors are fluid-contactors utilising channels of 
characteristic dimensions of the order of microns. In other words, the diameter or 
width of such chaxmels is typically within the range lp.m to 100 ^m, but may be up to 
several mm (e.g. 3mm)j Using such small chaimels allows the construction of an 
inherently safe, extremely well defined process system. Micro-channel systems allow 
the routine engineering of precise chemistry, where almost all atoms are used 
efficiently, and byproduct wastes are minimised or avoided. Systems are currently 
being developed to perform complete chemical procedures involving fluid pumping, 
valves, chemical reactions and analysis all on one small device, in channels of 
hydraulic diameters between tens and hundreds of microns. The weakest part of such 
systems lies in the separation techniques available to separate the required products 
after the reaction has occurred, with no efficient technique based on relative 
volatilities yet available. 

US 6,527,432 describes a micro-channel platform for achieving efficient 
mixing of a plurality of fluids on the surface of the platform, with fluid flow being 
motivated by centripetal force produced by rotation. A micro-channel is utilised to 
mix the two fluids, and extends in a zig zag fashion from the centre of a disk towards 
the disk periphery. The micro-channel is connected to an air ballast chamber. In 
operation, the first fluid is added to the micro-channel, and the disk rotated to drive 
the fluid down the channel to the radially-distal end of the micro-channel, with air 
being compressed into the air ballast chamber. Once rotation has stopped, the second 
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fluid is introduced into the micro-channel, with the two fluids mixing due to the first 
fluid being pushed back up the channel by the restoring force exerted by the trapped 
air. 

One disadvantage of such an apparatus is that mixing of the two fluids has to 
be performed in a number of discrete steps, with different fluids being added to the 
fluid-contactor at different stages of the process. Further, the speed of rotation of the 
fluid-contactor has to be varied at each stage. It is also difficult to make precise 
predictions of the total system behaviour as it is not a steady state process. 

It is an aim of embodiments of the present invention to provide a fluid- 
contactor that substantially addresses one or more of the problems of the prior art, 
whether referred to herein or otherwise. 

According to a first aspect, the present invention provides a fluid-contactor 
comprising an element arranged to rotate about a predetermined axis, the element 
comprising a channel extending generally in a spiral about said axis, the channel 
having a first aperture for the output of a first fluid, a second aperture distant firom 
said axis for the output of a second, more dense, fluid, and at least a third aperture for 
the input of a fluid to the channel and the element being arranged to rotate at an 
angular velocity sufficient to move second fluid within said channel towards said 
second aperture. 

By providing such a fluid-contactor, the first and second fluids may be moved 
in opposite directions along the channel, whilst the elenient (e.g. a platform) is rotated 
at a \miform speed. The fluid-contactor can be utilised to provide continuous 
separation or contacting operations (e.g. distillation and gas-liquid absorption), with a 
continuous single stream of the first fluid flowing counter-current to a continuous 
stream of the second fluid. 

The first aperture may be adjacent said axis. 

The channel may extend in a plane substantially perpendicular to said axis. 
The element may be a disc, with said predetermined axis extending through 
the radial centre of the disc. 

The channel angle may vary along the length of the channel. 
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The channel angle of at least one portion of said channel may vary such that 
the channel does not follow the path of a spiral. 

The internal width of the channel may vary along the length of the channel. 

At least a portion of the chaimel may be bifurcated, the third aperture for input 
of a fluid being located on one arm of the bifurcation, and either the first or second 
aperture for respective output of the first or second fluid being located on a second 
arm of the bifurcation. 

One fluid may be a liquid and the other fluid may be a gas, a vapour, or an 
immiscible liquid. 

In at least a portion of the chaimel, the wettability of an internal surface 
adjacent said predetermined axis may be different from the wettability of the facing 
internal surface on the opposite side of the chaimel. 

The fluid contactor may further comprise a temperature control unit arranged 
to maintain at least a predetermined portion of said channel at a predetermined spatial 
temperature distribution. 

The temperature control imit may comprise a heater arranged to heat a 
predetermined portion of said channel. 

The fluid-contactor may be arranged to perform distillation of a fluid mixture, 
and the third aperture may be located along the chaimel between the first and second 
apertures, for input of the fluid mixture into the channel, said first and second fluids 
corresponding to respectively low boiling point and high boiling point fractions of 
said fluid mixture. 

The fluid-contactor may be arranged for continuous counter-current 
contacting, and the third aperture may be located adjacent the second aperture, for 
input of the first fluid to the chaimel, the chaimel further comprising a fourth aperture 
adjacent the first aperture, for input of the second fluid to the channel. 

The first aperture may be distant from said axis. 

The fluid contactor may be arranged for continuous co-current contacting, and 
wherein the third aperture may be located adjacent said axis for the input of the firet 
fluid to the channel, with the channel further comprising a fourth aperture adjacent the 
axis, for input of the second fluid to the channel. 
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At least one of said apertures may be connected to a fluid container via a co- 
axially extending tube. 

According to a second aspect, the present invention provides a method of 
manufacturing a fluid-contactor comprising: providing an element arranged to rotate 
about a predetermined axis, creating a chaimel in said element extending generally in 
a spiral about said axis, the channel having at least a first aperture for the output of a 
first fluid, and at least a second aperture distant firom said axis for the output of a 
second, more dense, fluid and a motor arranged to rotate the element at an angular 
velocity sufficient to move second fluid within said channel towards said second 
aperture. 

According to a third aspect, the present invention provides a method of 
producing a substance comprising providing an element arranged to rotate about a 
predetermined axis, the element comprising a channel extending generally in a spiral 
about said axis, the channel having at least a first aperture for the output of a first 
fluid, and at least a second aperture distant from said axis for the output of a second, 
more dense, fluid, the method comprising rotating the element at an angular velocity 
sufficient to move second fluid within said channel towards said second aperture. 

Embodiments of the present invention will now be described, by way of 
example, with reference to the accompanying drawings, in which: 

Figures lA and IB are respectively a schematic plan view and a schematic 
cross-sectional side view of a fluid-contactor in accordance with a first embodiment; 

Figures 2A and 2B are respectively a schematic plan view and a schematic 
cross sectional side view of a fluid-contactor in accordance with a second 
embodiment; 

Figure 3 is a schematic cross-sectional view, indicating how one end of the 
chaxmel may be bifiircated to provide separate input and output apertures; 

Figure 4 is a schematic plan view of alternative chaimels, indicating how 
portions of the channel need not follow the path of a spiral; 

Figure 5 shows a cross section of a channel of a fluid-contactor in accordance 
with a fiirther embodiment of the present invention; 
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Figure 6A is a schematic plan view of a spiral channel of a fluid-contactor, 
indicating the geometrical factors utilised in a mathematical model of flow within the 
channel; 

Figure 6B is a close-up of the area outlined by the rectangular box in Figure 

6A; 

Figure 7 is a graph illustrating predicted velocity profiles across the width of 
the spiral channel for two-phase flow, in which the liquid occupies 20% of the 
channel, for three different flow rate ratios q; 

Figure 8 is a graph indicating the variation in a pressure gradient parameter 
with the liquid layer fraction for three different flow rate ratios; and 

Figure 9 is a graph indicating the variation of the vapour flow rate with liquid 
layer fraction for three different flow rate ratios. 

Figures lA and IB are respectively a schematic plan view and a schematic 
cross-sectional side view of a fluid-contactor 100 in accordance with a first 
embodiment of the present invention. The fluid-contactor 100 comprises a platform 
10 arranged to rotate about a predetermined axis 20. In this embodiment, the platform 
10 is in the shape of a disk, with the axis 20 extending through the radial centre of the 
disk i.e. the disk extends perpendicular to the rotational axis 20. 

In this particular embodiment, a central axle 25 extends through the disk, 
allowing the disk to be rotated about the axis 20. In this particular embodiment, a 
motor (e.g. an electric motor) is mounted above or below the disk, so as to drive the 
central axle 25 so as to rotate the disk 10. However, it will be appreciated that 
alternative drive and housing designs could be utilised e.g. the disk could be arranged 
to rotate via a remote motor utilising gas jets or magnetic drives. The arrow 12 
indicates the (anti-clockwise) rotation direction of the disk 10. The fluid-contactor 
100 is spun with angular velocity SI, 

In this particular embodiment, the disk diameter can be less than 10cm. 
Consequently, a relatively low power motor can be utilised typically to achieve fairly 
high rotational speeds (e.g. up to 6000 revolutions per minute). Further, due to the 
small size of the disk, the danger of internal material failure of the disk due to rotation 
is relatively low. 
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A channel 30 extends within the disk in a spiral path about the axis 20. The 
channel extends in a plane substantially perpendicular to the axis 20. The channel is 
of substantially uniform cross-section. The channel is substantially enclosed. The 
cross-section of the channel 30 is rectilinear, and approximately 300 microns wide (as 
measured along the radial direction of the disk), and 1000 microns deep (as measured 
parallel to the axis of rotation 20). 

In this embodiment, the fluid-contactor 100 is arranged to perform distillation 
of a fluid mixture. The fluid mixture is distilled into first and second fluids 
corresponding to respectively high boiling point and low boiling point fractions of the 
fluid mixture. An aperture 1 10 is provided in the channel adjacent to the axis 20, for 
the output of the second fluid from the channel. This first aperture^ 1 10 is provided at 
(or toward) an end of the channel close to the axis 20, for removal of the second fluid 
from the channel (e.g. the vapour from the distillation). A second aperture 120 is 
provided distant from the axis 20, for removal of the first, high boiling point fluid. 
The second aperture 120 is provided at (or toward) the end of the channel 30 fiuthest 
from the axis 20. An inlet aperture 130 is provided in the channel 30, located between 
the two outlet apertures 1 10, 120. The inlet aperture 130 is for the input of the fluid 
mixture to the channel 30. As the disk spins about its axis, the resulting centrifiigal 
force will drive a flow of fluid along the outer edge of the channel 30 towards the 
periphery of the disk, or "bottom" of the spiral. 

Three tubes (112, 122, 132) are provided, each connected to a respective 
aperture (110, 120, 130). Each tube extends co-axially, relative to the rotational axis 
20. The tubes are provided as conduits for the appropriate addition or removal of the 
fluid from the relevant aperture. 

A temperature control unit 40 is provided to control the temperature within the 
channel. Typically, for distillation, the temperature control imit 40 will be a heater, 
arranged to heat at least a predetermined portion of the channel. The temperature 
control imit can take the form of a separate unit, heating and/or cooling the platform 
10 via an adjacent surface, or alternatively can take the form of heating or cooling 
elements embedded within the platform 10 (preferably adjacent to the channel 30). 
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In use, the fluid mixture in the fonn of a liquid feed (F) is input to the channel 
30 via tube 132 and aperture 130. The liquid feed is added at, or near to, its bubble 
(or boiling) point. 

The disk 10 is rotated in direction 12 at an angular velocity such that the 
centrifugal acceleration causes liquid within the channel to move towards the end of 
the channel distant from the axis 20. The vapour is driven along the channel in the 
opposite direction, towards the first aperture 110 by an applied pressure gradient. 
This pressure gradient can be applied in a number of ways by any pressure gradient 
applying device, unit or means. For instance, the fluid contactor can be operated 
within a pressurised vessel. Alternatively, pressure may be applied directly to the 
outer periphery of the channel, so as to drive the vapour up the channel. However, in 
this preferred embodiment, the applied pressure is obtained by the boiling of the fluids 
towards the end of the channer furthest from the cenre (the distal end). 

The temperature control unit 40 acts to heat the outer periphery of the channel 
30, such that the end of the channel distant from the axis 20 acts as a liquid re-boiler. 

The end of the channel distant from the axis 20 is analogous to the bottom of a 
conventional distiller, and bottom product (B) may be removed from the channel via 
aperture 120 either as vapour or as liquid discharged from the disk. 

Vapour generated at the re-boiler flows counter-current to the liquid, along the 
inner edge of the channel, towards the centre of the disk, due to the pressure gradient 
maintained along the channel (the distal end of the channel being at the highest 
pressure). The inner-most or "top" part of the channel incorporates a condenser. 
Product (typically in the form of vapour) is removed from the channel 30 via aperture 
110, and taken along outlet tube 112. This removed product may be permanently 
removed from the system, but preferably at least part of the vapoiir T is condensed 
and returned as reflux condensate added to fluid mixture F. The temperature 
distribution along the channel 30 is controlled by applied heating or cooling, as 
necessary. 

In this distillation system, liquid is the fluid flowing towards the periphery, 
due to the spinning motion. Vapour flows back up the channel, due to the pressure 
generated when the liquid reaching the heating zone is boiled. Both the product 
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Streams may well, in most cases, be in the vapour phase, with the product fix>m the 
outer aperture 120 being the component(s) with the higher boiling point(s). The 
component(s) with the lower boiling point will exit the channel at the other aperture 
110. 

For example, if the feed is a mixture of fluid 1 (boiling point lOO^C) and fluid 
2 (boiling point 70^C), the liquid and vapour streams flowing counter current are 
mixtures of fluid 1 and fluid 2 in various proportions. However, assuming the fluid 
contactor is correctly conflgured, it is possible to have substantially pure fluid 1 at 
apertiue 120, and substantially pure fluid 2 at aperture 1 10 (in both the vapour and the 
liquid phases). 

Figures 2A and 2B show respectively a plan view and a schematic cross- 
sectional side view of a flmd*contactor 200 in accordance with a second embodiment. 
Identical reference numerals are utilised to indicate similar features to those shown in 
Figures 1 A and IB. 

The fluid-contactor 200 comprises a platform 10. A chaimel 30 extends in a 
spiral about a rotational axis 20. 

In this particular embodiment, the fluid-contactor is used for absorption e.g. 
gas-liquid absorption. The fluid-contactor 200 thus comprises an inlet aperture 240 
and an outlet aperture 210 for input and output of the gas to the channel. A 
corresponding inlet aperture 230 and outlet aperture 220 is provided for the liquid. 
The gas inlet aperture 240 and the liquid outlet aperture 220 are provided towards the 
end of the chaimel 30. distant jfrom the rotational axis 20. Similarly, the liquid inlet 
aperture 230 and gas outlet aperture 210 are provided towards the inner-most end of 
the channel (i.e. the **top" of the spiral 30). In operation, the fluid-contactor spins 
around its axis in direction 12, with angular velocity n. Liquid entering the channel 
30 from tube 232 via aperture 230 is driven along the outer edge of the channel 30 
towards the periphery of the disk by centrifugal force, and exits the channel via 
aperture 220 to tube 222. Gas is fed from tube 240 through aperture 240 to the 
channel 30, and flows along the channel counter-current to the liquid, along the 
innermost edge of the channel to outlet aperture 210, >^ere it exits the channel 30 to 
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outlet tube 212. Gas-liquid absorption can thus occur between the two counter- 
flowing fluids. 

The tubes 212, 222, 232, 242 all extend co-axially for at least a portion of 
their length. The input tube 212 may be connected to recycle the gas back to the gas 
inlet tube, whilst the liquid outlet tube 222 may be connected to output the liquid from 
the fluid-contactor 200. 

In a preferred embodiment, in order to assist with the separation of the input 
and output streams, each end of the channel is bifurcated. Figure 3 shows the 
bifurcated innermost end of a channel 30. The channel 30 divides into two branches 
30A, 30B. Connected to each branch 30A, 30B of the channel is a separate aperture 
210, 230. Separate branches are provided to facilitate the input and output of the 
different fluids, with each branch corresponding to a separate fluid inlet or outlet. For 
instance, the gas will flow along adjacent to the inner most wall 32 of the chamber, 
and will thus pass along the branch 30A to the outlet aperture 210. Correspondingly, 
liquid will normally flow along the outermost side or wall 34 of the chamber, and 
hence by providing branch 30B, the liquid can easily be input to the channel 30 via 
aperture 230. 

A bifurcation, with each bifurcation corresponding to a separate fluid inlet or 
outlet, can be provided at either or both ends of the channel 30. 

Distillation and gas-liquid absorption represent the key steps in many chemical 
processing systems. Embodiments of the present invention enable these processes to 
be undertaken on the micro-scale. This not only extends the scope of micro-chemical 
processing, but also offers the potential for specialist and novel separations, such as 
reactive, low pressure, multi-stage or low residence time operations (e.g. of particular 
value for strongly thermolabile pharmaceutical products). Furthermore, embodiments 
also may be used for other separation and contacting operations such as evaporation 
and extraction. 

A key advantage of such systems is that the surface to volume ratio is much 
higher than in conventional size equipment This offers significant potential 
advantage for processes dependent on the transport of heat or mass fluxes, both of 
which are key aspects of separation processes such as distillation. A significant 
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disadvantage of micro-channel systems however, is the greatly increased relative 
importance of the surface energy acting at fluid-fluid and fluid-solid interfaces, which 
can dominate the fluid dynamics. Such forces are especially important in distillation, 
which typically requires liquid boiling, vapour condensation and the counter-flow of 
contacting liquid and vapour streams. On the usual industrial scale, gravity is 
normally sufficient to effect phase separations. However, on the micro-scale due to 
the surface energy effects, gravity is usually insufficient. The present invention 
utilises the effect of centrifugal acceleration to replace the effect of gravity and allow 
the enhanced transfer of ihass and heat available at the micro-scale. 

Conventional distillation is conunonly continuous fractional separation, 
achieved by step-wise movement along the vapour-liquid equilibrium curve, with 
successive vaporisation and condensation of the vapour and liquid streams flowing 
counter-current through stages or trays in a column. Translating such a system to the 
micro-scale directly would require complicated design and control, especially of heat 
input. Successful operation of such a system, and in particular the hydrodynamics of 
such a system, is far from certain. An alternative mode of operation is that used in 
continuous contact equipment, where changes and concentration with height are 
continuous rather than step-wise. Conventionally, this is performed in packed bed 
streams, where a gas or vapour phase flows counter-current to a falling liquid phase 
distributed over the surface of a random arrangement of packing. The high interfacial 
area facilitates the mass flux required for the absorption or distillation process. This 
more basic "simple falling film" system is the basis for the micro-channel systems of 
the preferred embodiments, as it has the advantage of tractable and well defined 
hydrodynamics, with a continuous single stream of vapour flowing counter-current to 
a single continuous liquid stream. Conventionally, such falling film systems are of 
relatively low efficiency, with the instability of the liquid film at high liquid flow 
rates making them unattractive for industrial scale applications. 

The above embodiments are provided by way of exemiple only, and various 
alternatives will be apparent to the skilled person as falling within the scope of the 
present invention. 



10 



wo 2005/068065 



PCT/GB2005/0001 14 



For instance, whilst the above examples typically utilise a gas (or vapour) and 
a liquid, it will be appreciated that the present invention can be applied to systems 
containing any two or more fluids. The term fluid is understood to include gases, 
liquids, suspensions of solids v^thin gases or liquids, vapours, and other materials that 
lack definite shape and are capable of flowing and yielding at low pressure e.g. liquid 
crystals. It is envisaged that one of the fluids will be of greater density than the other 
fluid. 

Equally, whilst the embodiments have been described in terms of first and 
second fluids as discrete components, it will be appreciated that the fluid-contactor is 
in fact a dynamic system, with the composition of the fluids continually changing, as 
the different fluids mix and/or separate. The performance of the embodiments has 
been described in terms of separate -fluids so as to improve clarity. However, it will 
be appreciated that the fluid-contactor can be utilised to separate and/or mix such 
fluids, and so the composition of the fluids in the fluid-contactor may be dynamically 
changing. Consequently, when separate fluids are described, it will be appreciated 
that such fluids can incorporate a portion of the other fluid, and that in actual fact the 
compositions of the fluids will typically be dynamically changing as the fluids 
proceed along the channel. 

In the above embodiments, the channel has been described as a spiral. A 
spiral can be described as a point moving along a path circling around a centre of 
pool, and gradually receding from it Equally, a spiral can be defined as a plane curve 
not re-entrant, described by a point, called the generatrix, moving along a straight line 
according to a mathematical law, while the line is revolving about a fixed point of the 
pole. 

It will be appreciated that the channel in accordance with the present invention 
can follow the path of any spiral. This includes the channel being an equiangular 
spiral (a logarithmic spiral, a plane curve which cuts all its generatrices at the same 
angle) or a spiral of archimedes (a spiral the law of which is that the generatrix moves 
uniformly along the revolving line, which also moves imiformly). The chaimel may 
extend in any of the aforementioned spirals. In most embodiments, it is preferable if 
the channel spiral generally extends in a plane substantially perpendicular to an axis 
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through the pole. However, in some embodiments the channel, or portions of the 
channel, may extend along a path above and/or below the plane perpendicular to the 
pole axis. 

Equally, the channel may not be shaped precisely as a spiral, but may extend 
generally in a spiral about the rotational axis. In all instances in which the channel 
does not follow a spiral, it is envisaged that the fluids travelling along the channel will 
continue to move due to the effect of the fluids effectively being pushed in and out of 
the non-spiral regions by fluids within adjacent spiral portions. Typically, such non- 
spiral portions will extend less than 1 rotation of the spiral (i.e. an arc less than 360^, 
and more preferably less than 1 quarter of a rotation around the spiral. 

Further, whilst the preferred embodiments have a uniform cross-sectional area, 
it will be appreciated that both the shape and/or the size of the channel may vary 
along the length of the channel e.g. local regions may be wider than the rest of the 
channel. 

For instance. Figure 4 illustrates a portion of the channel 30 i.e. a fraction of 
the total length of the channel, with the solid lines 32, 34 indicating the side walls of 
the spiral channel. Figure 4 shows a plan view. The dotted lines 32*, 32" and 34% 
34" illustrate alternate paths of respectively the inner side wall 32 and the outer side 
wall 34, falling within the scope of the present invention, in which portions of the 
channel side walls do not extend along the path of a spiral. Either or both of the side 
walls may deviate from the path of a spiral. 

For instance, the path shown by the dotted line 34' is that in which the outer 
side wall partially follows the path of a circle i.e. the distance from the rotational axis 
remains fixed for a predetermined length of the channel, rather than receding from the 
rotational axis. Alternatively, as shown by the dotted line 34", the outer side wall 
may follow a path in which the distance between the side wall and the rotational axis 
temporarily decreases. 

Equally, whilst in a preferred embodiments it is envisaged that the spiral 
extends in a plane substantially perpendicular to the rotational axis, it will be 
appreciated that local portions or regions of the channel may deviate from a spiral 
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path by following a path that extends in a direction above and/or below the spiral path 
e.g. above or below the plane generally perpendicular to the axis. 

Further, the channel cross-section can be any desired shape e.g. rectilinear, 
elliptical or circular, or any combination thereof. 

The geometry of the spiral channel may change periodically along the channel. 
This can be used to promote fluid mixing in a stage-wise manner. 

Equally, whilst in the preferred embodiments it is assumed that the internal 
surfaces of the chaxmel are of uniform surface properties, it will be appreciated that 
internal surfaces of the channel may be formed of, or coated with different materials, 
or treated so as to have diflB»ent surface properties. The manufacturing process of 
the rotating element may cause the walls of the channel to have different properties, 
or for the properties to change along the length of the wall(s). Such properties 
include, but are not limited to wettability, contact angle, adsorbtion characteristics, 
dielectric constant, or any other surface property. 

For instance, to improve the separation of the two fluids within the channel, 
the innermost side of the channel may have a different wettability ftom that of the 
facing internal surface on the opposite side of the channel (i.e. the outermost side of 
the channel). 

For instance, the innermost surface of the channel could be hydrophilic, with 
the outermost surface hydrophilic (if the more dense fluid is aqueous) or vice versa. 
Equally, the upper and lower surfaces of the channel may have different properties 
fix)m each other, or from the side walls. 

Whilst in the above embodiments it has been assumed that two fluids move 
along flie channel counter currently i.e. in opposite directions, it is possible for the 
two fluids to actually move along the channel in the same direction. For instance, the 
two fluids could be two substantially inuniscible liquids, with both liquids being 
driven to the outer periphery of the disk as the disk rotates e.g. for heat and/or mass 
transfer. Such a system would be advantageous in liquid-liquid extraction systems 
involving the partition of a sparingly soluble material contained in one phase into a 
better solvent represented by the second phase. It may also be used as a form of direct 
contact heat transfer device. 
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Similarly, it is possible for the fluid contactor to contedn three or more separate 
fluid streams within the same channel. For instance, as shown in Figure 5, the 
channel 30 could contain a first fluid (vapour, Vi) being driven by an imposed 
pressure gradient towards the centre of the spiral, with two other fluid streams (e.g. 
immiscible liquids Li, L2 being driven towards the outer periphery of the spiral 
channel as the fluid contactor rotates. For instance, this may be useful for 
applications such as an azeotropic distillation. 

If desired, flow-rates of any of the fluids into or out of the channel can be 
controlled, to achieve the desired performance of the fluid-contactor. 

Whilst the above embodiments have described a spiral performing a single 
operation, it will be appreciated that the fluid contactor can in £Eict operate as a double 
system. The fluid contactor can effectively comprise a first spiral (having its own 
inputs and outputs) concated with a second spiral, having its own inputs and outputs 
i.e. the two spirals effectively being a single spiral, with respective inputs and outputs. 
Both spirals can act as distillation imits, with the second distillation unit (i.e. spiral) 
taking feed from the first distillation unit. 

Further, whilst the structure of the channel (e.g. size of the platform, channel 
width, height and direction) and operation (e.g. rotational speed and direction of 
rotation) of the fluid-contactor have been described above, it will be appreciated that 
any values are of by way of example only, and any dimensions or operational 
conditions falling within the scope of the claims may be utilised. 

An analytical solution for the simultaneous flow of a vapour and a liquid in a 
rotating spiral gap (i.e. a chaimel) will now be described, for use in estimating the 
appropriate operating conditions form different vapours and liquids. The rotation is 
used to produce an extra body force to help maintain phase separation. This body 
force allows counter (as well as co-current) movement of the two phases, with liquid 
(the denser fluid) responding to it most effectively, and the vapour (the less dense 
fluid) responding most effectively to a pressure gradient. The rotation also brings 
Coriolis acceleration, which imder some conditions may provide secondary transport 
flow in each phase. 
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The simplified case of a 2D planar channel with large spiral radius in relation 
to channel width is considered for the case of no interphase mass transfer. When the 
variation in vapour density along the channel is small, and the variation in 
temperature along the channel does not change the fluid properties significantly, an 
analytical solution is possible. This solution allows the identification of the major 
characteristics of flows in practical channel types. 

The geometry of the channel being considered in this particular model is 
shown in Figures 6A and 6B. The channel is assumed to be an equiangular spiral 
extending about a central pole, which is also the rotational axis. The channel rotates 
with constant angular velocity £2 (=27cf, where f is the rotational fiequency). The 
distance from the central pole to any point on the channel is the radius r. 

As shown in Figure 6B, the channel is of width h (in the radial direction), with 
the firactional width of the liquid phase being . The width across the channel is 
assumed to be in the y coordinate direction, with the channel extending in the x 
direction. The channel angle a is that between the local radial and spiral tangent 
directions. 

The parameters affecting the flow are revealed when the solution is 
normalised using gap width, h , and the avemge velocity, , and flow rate per unit 

depth, , for vapour flow alone with no rotation, given by: 



K=-:^ [1] C-=-#- t2] 



where = [3] 

ax 



i.e. the rate of change of pressure p with distance along the channel x. The vapour is 
assumed to be of viscosity \iy. The density ratio Pr and viscosity ratio ^ir for the two 
phases are defined as: 

P.=^ M.-^ [4] 
Pl, Ml 
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where pv is the density of the vapour, pt the density of the liquid, the viscosity of 
the vapour and jit the viscosity of the liquid. 

The analytical solution for the velocity profile can be expressed in terms of the 
liquid layer fraction 4 , for the liquid phase (y < h 5): 

"L\y) ti-(i-^,)fj 

and for the vapour phase (y > h ^): 

[1-0-/^,^] 

[6] 

The parameter y* represents the relative importance of the rotational body force to 
pressure gradient force and is defined as: 

r =^ — m 

Figure 7 shows velocity profiles for the case of liquid occupying 20% of the channel 
gap, and for values of y* corresponding to three different values of the vapour to 
liquid volume flow rate ratio 

Ql 

where Qv is the vapour volume flow rate, and Ql is the liquid volume flow rate. 

The values of q plotted cover the range characterising distillation and 
extraction processes. It will be noted that q is negative for counter flow of the two 
phases, as the signs of the two flow rates are then opposite. Property ratios 
corresponding to standard conditions for liquid water and air have been used, by way 
of example. 
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The above relationships for velocity can be integrated to give the following 
relations for the phase flow rates, again as a function of liquid layer fraction ^, 
rotation parameter y*, and the property ratios: 



To determine the pressure gradient that must be applied as a function of 
volume flow rate ratio, liquid layer fraction and liquid phase properties, in order to 
establish the feasibility of a given operation, the above relations are utilised with the 
definition for q used to eliminate the flow rates to produce the required relationship: 

The inverse of y*, which is the non-dimensional pressure gradient, is plotted as a 
function of liquid layer thickness for the same three flow ratios in Figure 8. Figure 9 
is a corresponding plot of vapour flow rate. Generally, for small liquid layer 
thickness the shear stress on the liquid at the outer wall of the channel greatly impedes 
the liqiud flow, even for a large rotation rate. As the liquid layer increases, and the 
vapour passage is increasingly reduced, the magnitude of the pressure gradient must 
rise both as a result of the restriction of the passage and because the liquid velocity at 
the vapour interface "drags" the vapour back upstream. 

There are two specific effects associated with this: more of the vapour is 
travelling in the wrong direction as the liquid layer increases, and the interface shear 
stress on the vapour increases. It will be seen that the beginning of the strong increase 
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in pressure gradient begins at smaller liquid layer fraction for larger vapour to liquid 
flow rate ratio, as would be expected. 

Values of pressure gradient needed for representative conditions of operation 
for the case of liquid water flow with air (standard conditions) are listed in Table 1, 
again for the three different flow rate ratios. In these calculations, flow in the spiral at 
a position where the radius is r = 1.5 cm and spiral angle is 2® (or 1® in the case of the 
bottom section of the table) are used and with rotation rate 3000 rpm. The pressure 
gradient increases with liquid fraction and with magnitude of flow rate ratio. In all 
cases, it would appear that operation at below 10% oif a bar pressure drop per metre of 
spiral (p) is easily achieved. In the extreme case shown, q = -1000 and 4 = 0-3 for a 
2** spiral angle, the pressure drop per metre is 0.17 bar. The lower section of the table 
demonstrates that this can be reduced by use of a smaller spiral angle. 

Producing a given liquid layer fraction depends on the flow resistances of 
flows of liquid and vapour at the inner end of the spiral. Here liquid enters the spiral 
and vapour leaves the spiral. If a single outlet is provided the vapour must escape as 
bubbles passing out through the incoming liquid. This situation would be difficult to 
analyse if not challenging to control. Thus, an arrangement which provides separated 
flow passages at the inner end of the spiral channel, such as that shown in Figure 3, is 
desirable. Application of the energy equation between the junction and the respective 
reservoir, assuming a planar chaimel, results in a constraint on the ratio of the 
resistances of the two channel passages given by 

Ry ^Ql ^ Pi-Py ^Yl^l -Yv^v r,21 
Rl Qv RlQv 

where 

Yy = pyR^ sin a Yl^ sin a [13] 

and the resistances are defined by 
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R, = '-^ [14] and ^=1%^ [15] 

Thus, with flow rates dependent on liquid layer fraction. Equation 12 gives the 
required resistance ratio for a given liquid layer fraction and vapour and liquid 
reservoir heights and pressures, enabling the design of flow supply system using 
Equations 14 and 15. At the outer end of the spiral, the liquid and vapour do not 
interact strongly because the liquid ^empties* outwards and interaction between the 
phases can be made negligible. 

Consider a 500 |im wide channel with a liquid film of thickness d= 50 |im 
0.1),/= 100 cps, a = 3 degrees and R = 25 mm. In the absence of any gas flow, 
water will flow at an average liquid fibn velocity , Vl = 0.43 m/s with a Reynolds 
number (Re) = 20. For equal and opposite water and air mass flow rates, (typically 
representing distillation with fall reflux), the liquid velocity falls to 0.25 m/s, with a 
gas pressure gradient of 25 kPa/m, which is relatively high and may cause operational 
problems. The pressure gradient can be reduced by decreasing liquid film thickness or 
channel angle, for example the gradient reduces to 3.3. kPa/m for a liquid film of 25 
microns (^ 0.05, Vl = 0.092m/s), or 2.2 kPa/m by also reducing the angle to 2 
degrees (Vl = 0.061m/s). Thus it is apparent how slight changes to the system 
geometry enable a practical system to be achieved. Note that there is of course a limit 
to the channel angle set by the total channel width, A, and separation, thus: 



tana^«— [16] 

Typically this angle can be made as small as around 0.5 degrees. Thus 
controlling the channel angle is an effective way of controlling the liquid film 
velocity. 
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Table 1. Values of pressure gradient, vapour flow rate and vapour velocity. 



a -2^ 



q =-1000 




(m^/s) 


(Pa/m) 


Qylh{\-4) 
(m/s) 










0.1 


9.73x10"* 


-2836 


0.108 


0.15 


1.89x10"' 


-6584 


0.222 


0.2 


2.51x10"' 


-10508 


0.313 


0.25 


2.79x10"' 


-14197 


0.372 


0.3 


2.82x10"' 


-17606 


0.402 


q =- 100 


4 


a 


P 

(Pa/m) 


Qylh{\-4) 
(m/s) 


0.1 


1.59x10"* 


-440 


0.018 


0.15 


4.77x10"* 


-1684 


0.056 


0.2 


9.41x10"* 


-4012 


0.118 


0.25 


1.43x10"' 


-7376 


0.190 


0.3 


1.80x10"' 


-11420 


0.257 


q =- 10 




Qv 

(mVs) 


P 

(Pa/m) 


Qvlh{\-4) 
(m/s) 


0.1 


1.70x10"^ 


-22 


0.002 


0.15 


5.63x10"^ 


-220 


0.007 


0.2 


1.30x10"* 


-647 


0.016 


0.25 


2.42x10"* 


-1452 


0.032 


0.3 


3.92x10"* 


-2818 


0.056 


a =!• 


^=-1000 




Qv 

(mVs) 


P 

(Pa/m) 


(m/s) 


0.1 


4.87x1 OE-0* 


-1418 


0.054 


0.15 


9.43x1 OE-0* 


-3293 


0.111 


0.2 


1.25x1 OE-0' 


-5255 


0.157 


0.25 


1.40x1 OE-0' 


-7100 


0.186 


0.3 


1.4lxlOE-0' 


-8805 


0.201 
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In practice channel angle and depth may vary along its length to 
accommodate the changing radius and location of feed or product connections. The 
flow equations also enable important stability criteria to be examined and satisfied, 
such as the change of liquid flow with film thickness. 

The centrifugal forces acting to separate the vapour and liquid phases and to 
overcome interfacial forces are again dependent on the channel angle, but in this case 
the effective 'gravity* acceleration is R(27i/)^ cos a. Thus as the channel angle 
approaches zero these forces reach a maximum, and can then be further enhanced by 
increasing frequency. The magnitude of these forces can be estimated by considering 
the ratio of effective weight to surface force, thus: 

a 

[17] 

Where a is the surface tension. 

For the initial values used above, this indicates a balance of the forces at a critical 
length, /, of about 75 )im. The same ratio, but using Ap is applicable to the vapour 
liquid disengagement during the boiling and condensation operations. Under these 
conditions 10 |am vapour bubbles would rise through a 50 |am layer in about I ms. 
More importantly, droplets attached to surfaces would become detached due to the 
centrifugal forces at a critical diameter of about 300 jim for the worst case of a 90 
degree contact angle. 
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